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Evaluation of voltage control methods for maximizing end-of-grid wind farm capacity uses 
the Kalbarri Wind Farm as a base study case. The weakness of end-of-grid feeders is that 
they have relatively high resistance and reactance, which lead to high real and reactive 
power losses and low power transfer capability.  
This thesis report provides summaries of the voltage control algorithms from the simplest to 
the most complex algorithm. The parameters of the Kalbarri Wind Farm elements are based 
on the documents provided by Verve Energy. This thesis investigates the voltage control 
algorithm including the use of a Static Synchronous Compensator (STATCOM) with the wind 
farm in order to stabilise the grid voltage. 
The voltage control algorithm study cases are based on the Kalbarri Network Model, and its 
system simulations are carried out by using DIgSILENT PowerFactory software.  
The first voltage control algorithm is a wind turbine with fixed power factor which is the 
simplest voltage control algorithm. The second voltage control algorithm is the wind turbine 
with fixed power factor combined with a STATCOM, with the STATCOM using the 
isochronous voltage control method. The STATCOM size required for this voltage control 
algorithm is so large that it makes the system uneconomic. In order to improve it, the third 
voltage control algorithm uses a ±1MVAr STATCOM. At the same time, an upstream voltage 
regulator controls the STATCOM within a ±0.8MVAr range. The upstream voltage regulator 
does the remote control, since there is communications between the upstream regulator 
and the STATCOM. The fourth voltage control algorithm is built on the third algorithm with 
the STATCOM using the droop voltage control method. The upstream regulator indirectly 
controls the Point of Connection (PoC) voltage by using the Line Drop Compensation (LDC) to 
keep STATCOM within a ±0.8MVAr Range. In the fourth voltage control algorithm, the LDC is 
used to take the place of the communications in the third algorithm.  
The ‘WindFREE’ wind turbine option is also considered in this thesis report, which means the 
wind turbine is equipped with the feature of providing reactive power under the ‘no wind’ 
conditions. The dynamic voltage control algorithm with the STATCOM using a variable 
voltage setpoint, as used in Kalbarri is evaluated.  
Future works that could be a continuation of this topic are proposed and the thesis report 
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Glossary of Terms 
Synchronous Generator  Generator where its frequency synchronises 
(matches) the grid supply frequency.   
Capacitor Bank  A cluster of capacitors that provide reactive power 
support  
Inductive Generator Generator uses the principles of induction motors, 
also referrred to as an asynchronous generator 
STATCOM  Static Synchronous Compensator - provides reactive 
power support  
PF  Power Factor  
Feeder  Power distribution line  
WTG  Wind Turbine Generator  
Overvoltage  When voltage exceeds a specified upper limit  
LDC Line Drop Compensation – increases the system 
voltage as a function of load to offset volts drop 
along a feeder supplying the load 
Tap changing The taps are provided at various points on the 
winding. The ratios are changed from one tap to 
another hence different voltages can be obtained at 
each tap. 
PoC Point of Connection 
Auto-transformer A single winding transformer with its input and 
output connected to selected tap positions to 
increase or reduce voltages 
Voltage Profile  Graphical representation of voltage levels with 
respect to locations along the feeder  
Weak Feeder  Power distribution line with relatively high resistance 




IGBT Insulated Gate Bipolar Transistor - a three-terminal 
power semiconductor device used as an electronic 
switch 
VSC Voltage Source Converter 
MV Medium Voltage (1 - 35 kV) 
HV High Voltage (> 35kV)  
LV Low Voltage (< 1kV) 
WTG Wind Turbine Generator 
Voltage Regulator A transformer whose voltage ratio of transformation 





1.1. Aim of the Project 
The aim of this project is to use the Kalbarri Wind Farm [1] and the STATCOM [2] as the base 
study case to evaluate different practical options to manage the distribution network 
voltage when wind farms are located at end-of-grid locations. This includes the voltage 
control algorithms used at the Kalbarri Wind Farm. 
This study is evaluating and comparing the possible different voltage management options 
with the aim of maximizing the amount of wind generation while meeting network utility 
Technical Rules [3], for example, limiting voltage impact.  
The performance of various algorithms will be evaluated by using DigSilent ‘PowerFactory’, 
which is a power system modelling software, supported by DlgSilent Pacific [4], commencing 
with the simplest algorithms and ending with the most complicated algorithms to determine 
the best methods of managing the network voltage, thereby maximizing the wind farm 
power rating. 
1.2. Thesis Structure 
Chapter 2 of this thesis report introduces the background information. It includes the 
overview of the Kalbarri Wind Farm; information on STATCOM; the introduction of DlgSilent 
software; constraints caused at the end-of-grid locations and the basic requirements of 
Western Power Technical Rules.  
Chapter 3 describes the Kalbarri Network Model, including line impedances, wind turbine 
generators, transformers, line drop compensation (LDC), STATCOM and loads. The 
parameters of these elements are based on the documents provided by Verve Energy.  
Chapter 4 to chapter 9 covers the summaries of the voltage control algorithms from the 
simplest to the most completed algorithm. These study cases are based on the Kalbarri 
Network Model, and system simulations are performed by using DIgSILENT PowerFactory 
software. Chapter 4 is on wind turbines with fixed power factor voltage control algorithm, 
which is also the voltage control algorithm used in Denmark Community Wind Farm. Chapter 
5 is considered with the voltage control algorithm of a wind turbines with fixed power factor 
combined with a STATCOM, where the STATCOM doing the isochronous voltage control 
method. Chapter 6 is about wind turbines with an upstream voltage regulator controlling a 
±1MVAr STATCOM within a ±0.8MVAr range, with a STATCOM is using the droop voltage 
control method. Chapter 7 concerns wind turbines with an upstream voltage regulator 
indirectly controlling the point of connection (PoC) of the wind turbines by using the Line 
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Drop Compensation (LDC), thereby keeping STATCOM loading within a ±0.8MVAr Range. 
Chapter 8 considers the ‘WindFREE’ wind turbine option, which means the wind turbines are 
equipped to provide reactive power under ‘no wind’ conditions. Chapter 9 on the voltage 
control algorithm where the STATCOM uses a variable voltage setpoint is actually used in 
Kalbarri.  
Chapter 10 includes the conclusion and suggestion for future works that could be a 




2. Background  
2.1. Kalbarri Wind Farm 
The Kalbarri Wind Farm commenced operation in April 2008. There are two 
inverter-connected ENERCON E-48 [5] wind turbine generators, each rated at 800kW [6]. “It 
will advance the town's power supply and increase the capacity of the local electricity 
network”, as reported by the ABC during its commissioning, “It will meet a third of Kalbarri's 
power needs and offset about 5,000 tonnes of greenhouse gas emissions a year” [7].  
2.2. Static Synchronous Compensator (STATCOM) 
A Static Synchronous Compensator [8] has a similar characteristic to synchronous capacitors, 
alternatively called synchronous condensers, but as an electronic device, it has no inertia. It 
has many advantages, such as a better performance in dynamic voltage control on 
distribution and transmission systems; reducing site works and commissioning time and a 
lower investment costs and operating and maintenance costs [2]. STATCOM reduce 
potential voltage fluctuations and offers fringe-of-grid support [9].  
The STATCOM regulates the voltage at the connection point of the HV side of its connection 
transformer by controlling the quantity of reactive power provided or absorbed from the 
power system. The reactive power is produced by a voltage source inverter (VSI) connected 
on the secondary side of a transformer. The VSI uses forced commuted power electronics 
devices, such as IGBT, to synthesize the voltage from a DC voltage source. [10] 
2.3. DigSilent PowerFactory 
DIgSilent PowerFactory is a high-end tool for modelling of electrical networks. It integrates 
all the required functions and reliable system models so that it is easy for customers to use. 
There are also many other available commercial packages that are able to address most 
power system analysis problems. However, these packages are significantly different in their 
integration, result validation and computational efficiency [4].  
2.4. End-of-grid Locations 
The Kalbarri town is approximately 130km north of the Geraldton 132/33kV Substation and 
is supplied from this substation by a 33kV feeder [11]. The weakness of long grid feeders is 
that they have relatively high resistance and reactance, which lead to high real and reactive 
power losses and low power transfer capability. The feeder voltage is also sensitive to P, Q 
loads which are mostly independent of the feeder voltage level because of on-line tap 
changing on the two voltage regulators and the 33/6.6kV transformers at Kalbarri. The 
power losses are calculated by the following equations:  
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Real power losses = 𝑙𝑜𝑎𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡2 × 𝑙𝑖𝑛𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 
Reactive power losses = 𝑙𝑜𝑎𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡2 × 𝑙𝑖𝑛𝑒 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒 
It is obvious that the magnitude of current provides the greatest influence. Current flow 
along the feeder can be reduced by reducing the reactive power transfer along the feeder. A 
600 kVAr capacitor bank is permanently connected at the end of the line in Kalbarri to 
provide reactive power support and reduce reactive power transfer. The Kalbarri Wind Farm 
has a step-up transformer near each of the two wind turbines, which allows connection to 
the medium voltage [12] feeder. A STATCOM is also connected via a step-up transformer to 
the feeder and it manages the voltage on the medium voltage feeder. This type of 
installation has been designed for an end-of-grid location, where quality of electricity supply 
is an issue [1].  
2.5. Western Power’s Technical Rules 
Western Power’s Technical Rules document is based on relevant written laws and good 
electricity industry practice. These rules apply to both the network service provider and the 
users. The network service provider and the users must maintain and operate all equipment 
in accordance with these rules [3]. Technical rules about network voltage impacts, reactive 




3. The Kalbarri Network Model Including the Kalbarri Wind 
Farm 
The power system model is based on the diagram and network data supplied by Western 
Power to Verve Energy to design the Kalbarrri voltage control system [9]. 
 
Figure 1 Kalbarri Wind Farm Single Line Diagram Modelled by PowerFactory 
All line and transformer impedances are positive sequence single phase equivalents and are 
expressed in per unit value on 100MVA base [9]. Appendix 12.1 presents a clearer single line 
diagram than the figure above.  
3.1. Line Impedances 






33 × 33 × 106
100 × 106
= 10.89Ω 
Table 1 is the summary of line impedances of the Kalbarri feeder. The rated voltage of the 
feeder is 33kV [9]. Source impedance is indicated in the External Grid.  
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All line impedance X/R ratios are low. The source impedance X/R ratio is a high because 
there is a 132kV transmission system with a step down transformer, and the transformer has 
high X/R ratio. The resistance and reactance of lines are higher than the source impedance 
but X/R ratios are lower. Near the end of the grid at Kalbarri, the X/R ratio is relatively low.  
This means that the wind farm and STATCOM combination has to absorb a lot of reactive 
power to hold the 33kV down when exporting real power. 
Name: Resistance Reactance X/R ratio 
Source 
Impedance 
Real value 1.1534Ω 5.81526Ω 5.0418 
Per unit value 0.106 pu j0.543 pu 
Line Impedance 
1 
Real value 10.050Ω 14.712Ω 1.4539 
Per unit value 0.9228 pu j1.351 pu 
Line Impedance 
2 
Real value 7.8495Ω 11.5042Ω 1.4656 
Per unit value 0.7208 pu j1.0564 pu 
Line Impedance 
3 
Real value 6.49915Ω 9.52548Ω 1.4656 
Per unit value 0.5968 pu j0.8747 pu 
Line Impedance 
4 
Real value 4.797Ω 7.0317Ω 1.4658 
Per unit value 0.4405 pu j0.6457 pu 
Table 1 Maximum Line Impedance of Kalbarri Feeder  
In the Kalbarri Wind Farm, there are two ENERCON E-48 [5] wind turbine generators. Each 
wind turbine is rated at 800kW, with absorbing/supplying 0.906 power factor (±25 degrees). 
They use direct-drive multi-pole synchronous generators and each generator is connected to 
a 400V/33kV 1MVA step-up transformer via three 310kVA IGBT inverter modules [13].  
3.1.1. Induction Generator (Asynchronous Generator) Type Wind Turbine  
Induction generator type wind turbines absorb reactive power and it is not easy to control 
the power factor. The reactive power absorbed by the induction generator is provided by 
some devices such as capacitor banks or by the grid [14]. It usually has switched capacitor 
banks, which try to maintain a high power factor, close to unity. When using induction 
generator type wind turbine, it is hard to manage the voltage by using a fixed power factor.  
3.1.2. Double Fed Induction Generator Type Wind Turbine 
Double fed induction generator type wind turbines have a variable speed operation and a 
smoothing of power output. Double fed induction generator improves system efficiency 
because the turbine speed is adjusted as a function of wind speed to maximize output 
power. Operation at the maximum power point can be realized over a wide power range 
[15]. Double fed induction generators’ voltage control is not as fast as the voltage control 
inverter connected type generators.  
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3.1.3. Inverter Connected Type Wind Turbine 
Inverter connected type wind turbines have an advantage when managing the voltage by 
the use of fixed power factor. Inverter connected generators’ operation has an optimal 
power coefficient due to variable speed [16]. Some inverter connected type wind turbines 
have a benefit in being able to generate AC voltage for autonomous energy systems. 
However, it is expensive construction and requires a high level of maintenance, which costs 
much more than other types of generators [16].  
3.2. Transformers 
3.2.1. Auto-transformer 
Auto-transformers are commonly used to regulate the voltage along rural feeders hence 
being referred as a ‘voltage regulator’. They are able to keep voltage within a defined range 
by adjusting tap positions automatically. The key parameters of the two auto-transformers 
of Kalbarri feeder are summarized in Table 2 [9].  
 VR1 Northampton VR2 Port Gregory 
Tap Range ±10%, 12 steps ±10%, 32 steps 
Neutral tap 7 0 
Tap step size 1.666% 0.625% 
Band width ±1% ±1% 
Tap changer delay 50 60 
Set point voltage 1.01 1.01 
Table 2 Auto-Transformers Setting of Kalbarri Feeder 
3.2.2. Wind Turbine Generator Transformer 
Each of the two ENERCON E-48 wind turbines has an external pad-mounted 1MVA, 
400/33kV step-up transformer with an impedance of 6.25% on transformer base [9].  
3.2.3. STATCOM Transformer 
The STATCOM is connected at the Point of Connection via a 1MVA, 415/33kV step-up 
transformer with 4.5% impedance on transformer base [9].  
3.3. Line Drop Compensation 
The purpose of using Line Drop Compensation (LDC) is to increase the distribution bus and 




Figure 2 Line Drop Compensation Diagram by Cooper Power System [18] 
Figure 2 is the LDC diagram provided by the Cooper Power System. The model of the source 
has been made more realistic by including a 132/33kV transformer at Geraldton substation 
and incorporating LDC. A resistive and reactive element is set to simulate the resistance and 
reactance of the line from the substation transformer to about 50% along the line to next 
voltage regulator. A sampling of the load current and regulated system voltage is applied to 
the resistive and reactive element. The additional voltage drop in the line drop 
compensation (LDC) circuit reduces the regulated voltage sensed by the sensing circuit. This 
reduced voltage causes the tap change controller to tap up the transformer’s output. The 
amount of voltage increase on the output of the transformer is a direct function of the load 
[18] 
3.4. STATCOM 
The Static Synchronous Compensator (STATCOM) is a primary shunt device that is used to 
control power on grids. The STATCOM contains an Insulated Gate Bipolar Transistor (IGBT) 
based voltage or current source inverter for voltage control and reactive power 
compensation [10].  
For the Kalbarri Wind Farm, Verve Energy has installed an IGBT inverter type STATCOM 
(-527kVAr to +767kVAr range), to reduce voltage fluctuations and increase the maximum 
supply capacity of the feeder. 
The STATCOM comprises three IGBT inverter modules, which are current limited at 900A.  
The current limit sets their maximum combined reactive power range to ±647kVAr, when 
operating at the nominal output voltage of 415V. The STATCOM’s reactive power range is 






Table 3 is the summary of the loads along the Kalbarri feeder. The rated voltage of the 
feeder is 33kV, and the power factor of the loads has been set to 0.85 PF in this model [9]. 
Names Active power Reactive power 
Load 1 0.8MW 0.5MVAr 
Load 2 0.3MW 0.2MVAr 
Load 3 0.2MW 0.1MVAr 
Load 4 0.4MW 0.2MVAr 
Load 5 0.3MW 0.2MVAr 
Load 6 2.7MW 1.7MVAr 
Table 3 Loads on the Kalbarri Feeder 
Constant power loads are not sensitive to voltage change, so that they are a good choice for 
system voltage simulation analysis. Studies using constant power loads produce more 
conservative (worst case) ‘voltage impact’ results compared to studies where P, Q loads are 
made proportional to V or V2 , or any exponent of V between 1 and 2. Constant power loads 
follow this equation: 
𝑃 + 𝑗𝑄(constant) = 𝑉 ↓ 𝐼∗ ↑ 
When the voltage reduces, current will Increase and as a result real and reactive power line 




4. Wind turbines with Fixed Power Factor 
4.1. Introduction  
Fixed power factor operation is the simplest and lowest cost method of managing voltage. 
The Kalbarri Wind Farm module is used to analyse the end-of-grid location voltage impact of 
wind farm operation. By changing the fixed power factor, the most suitable power factor can 
be selected. In this section, three wind turbine power factors have been selected in order to 
determine the influence of the wind turbines’ power factor on voltage.  
4.2. Method  
The wind turbines of Kalbarri Wind Farm has a power factor range ±0.906 PF [9], and the 
selected power factor settings are -0.9, -0.95 and unity power factor which are a 
programmable within Power Factory.  
Technical Rules Clause 3.6.8(c) requires the steady state voltage rise at the point of 
connection due to the export of power to the distribution system must not exceed 2%, 
unless otherwise agreed with the network service provider [3]. Comparing rated wind sped 
operation system and no wind operation, the percentage voltage change is the focus of this 
section.  
In this section, the auto transformers’ taps are locked, in order to separate the control of the 
voltage regulators and the wind farm itself. This section is focusing on the voltage impact of 
the wind farm. In reality, the auto-transformers will change their taps, whenever required, 
to maintain the voltage within the prescribed limits. 
The maximum load and minimum load (30% of maximum load) are selected in this section. 
The purpose of this selection is looking for the worst case results and which limit wind farm 
capacity.   
4.2.1. Maximum Load  
At maximum load and no wind farm power, with the transformers’ tap positions set at 
neutral, the automatic tap results of transformers are as shown in table 4:  
 Source Transformer VR1 VR2 
Tap Results -4 4 -6 




4.2.2. Minimum Load 
At minimum load (30% maximum load) no wind farm power, with the transformers’ tap 
positions set at neutral, the automatic tap results of transformers are as shown in table 5:  
 Source Transformer VR1 VR2 
Tap Results -1 6 -1 
Table 5 Automatic Tap Results under Minimum Load No Wind Condition 
4.3. Results  
4.3.1. Kalbarri Model at Unity Power Factor 
4.3.1.1. Maximum Loading Per-Unit Voltage Values for Each Buses 
Locking the tap position of each auto-transformer, and then simulating and recording the 
per unit bus voltage values lead to table 6:  
  
No Wind 0.5MW 0.55MW 0.6MW 1MW 1.6MW 
Bus 
Bars 
132 kV 1.000 1.000 1.000 1.000 1.000 1.000 
33kV(1) 1.039 1.039 1.039 1.039 1.039 1.039 
33kV(2) 0.968 0.975 0.976 0.977 0.982 0.989 
33kV(3) 1.017 1.025 1.025 1.026 1.032 1.039 
33kV(4) 0.971 0.984 0.986 0.987 0.996 1.008 
33kV(5) 1.008 1.021 1.022 1.024 1.033 1.046 
POC 0.976 0.993 0.995 0.997 1.009 1.025 
%* 0.000 1.742 1.947 2.152 3.381 5.020 
Kalbarri 0.956 0.974 0.975 0.977 0.990 1.006 
Table 6 Kalbarri Model under Unity Power Factor and Maximum Load Bus Voltages 
*The percentage mark means the percentage of voltage change comparing with peak load 
no wind power.  
Wind Power Rated 0.55MW Voltage Profile 
This is the comparison of bus voltage values between no wind power and 0.55MW wind 
power cases. Wind power of 0.55MW at unity wind turbine power factor causes the voltage 




Figure 3 Kalbarri Model under Unity Power Factor, Maximum Load and Wind Power at 0.55MW Voltage Profile 
4.3.1.2. Minimum Loading Per-Unit Voltage Values for Each Buses 
Locking the tap position of each auto-transformer, and then simulating and recording the 
per unit bus voltage values lead to table 7: 
  
No Wind 0.6MW 0.85MW 0.9MW 1MW 1.6MW 
Bus 
Bars 
132 kV 1.000 1.000 1.000 1.000 1.000 1.000 
33kV(1) 1.010 1.010 1.010 1.010 1.010 1.010 
33kV(2) 0.997 1.003 1.005 1.006 1.007 1.011 
33kV(3) 1.014 1.02 1.022 1.023 1.024 1.029 
33kV(4) 1.006 1.017 1.021 1.022 1.023 1.032 
33kV(5) 1.012 1.023 1.027 1.028 1.030 1.038 
POC 1.007 1.022 1.027 1.028 1.030 1.042 
%* 0.000 1.490 1.986 2.085 2.284 3.476 
Kalbarri 1.004 1.019 1.024 1.025 1.028 1.040 
Table 7 Kalbarri Model under Unity Power Factor and Minimum Load Bus Voltages 
*The percentage mark means the percentage of voltage change comparing with minimum 
load no wind power.  
Wind Power Rated 0.85MW Voltage Profile 
This is the comparison of bus voltage values between no wind power and 0.85MW wind 
power cases. Wind power of 0.85MW at unity wind turbine power factor causes the voltage 




























Figure 4 Kalbarri Model under Unity Power Factor, Maximum Load and Wind Power at 0.85MW Voltage Profile 
4.3.2. Kalbarri Model at -0.95 Power Factor 
4.3.2.1. Maximum Loading Per-Unit Voltage Values for Each Buses 
Locking the tap position of each auto-transformer, and then simulate and record the per unit 
bus voltage values lead to table 8:  
  
No Wind 1MW 1.15MW 1.2MW 1.6MW 
Bus 
Bars 
132 kV 1.000 1.000 1.000 1.000 1.000 
33kV(1) 1.039 1.039 1.039 1.039 1.038 
33kV(2) 0.968 0.975 0.976 0.977 0.979 
33kV(3) 1.017 1.025 1.025 1.026 1.028 
33kV(4) 0.971 0.985 0.986 0.987 0.99 
33kV(5) 1.008 1.021 1.022 1.023 1.026 
POC 0.976 0.993 0.995 0.996 1.000 
%* 0.000 1.742 1.947 2.049 2.459 
Kalbarri 0.956 0.973 0.975 0.976 0.980 
Table 8 Kalbarri Model under -0.95 Power Factor and Maximum Load Bus Voltages 
*The percentage mark means the percentage of voltage change comparing with peak load 



























Wind Power Rated 1.15MW Voltage Profile 
This is the comparison of bus voltage values between no wind power and 1.15MW wind 
power cases. Wind power of 1.15MW at -0.95 wind turbine power factor causes the voltage 
change at PoC to change by nearly 2%. The voltage profile leads to figure 5:  
 
Figure 5 Kalbarri Model under -0.95 Power Factor, Maximum Load and Wind Power at 1.15MW Voltage Profile 
4.3.2.2. Minimum Loading Per-Unit Voltage Values for Each Buses 
Locking the tap position of each auto-transformer, and then simulate and record the per unit 
bus voltage values lead to table 9:  
  
No Wind 0.5MW 0.9MW 1.6MW 3MW 4MW 
Bus 
Bars 
132 kV 1.000 1.000 1.000 1.000 1.000 1.000 
33kV(1) 1.010 1.010 1.010 1.009 1.008 1.008 
33kV(2) 0.997 0.999 1.001 1.003 1.003 1.000 
33kV(3) 1.014 1.016 1.018 1.019 1.019 1.015 
33kV(4) 1.006 1.010 1.013 1.017 1.018 1.017 
33kV(5) 1.012 1.017 1.019 1.023 1.023 1.024 
POC 1.007 1.013 1.017 1.022 1.024 1.018 
%* 0.000 0.596 0.993 1.490 1.688 1.092 
Kalbarri 1.004 1.01 1.014 1.019 1.021 1.016 
Table 9 Kalbarri Model under -0.95 Power Factor and Minimum Load Bus Voltages 
*The percentage mark means the percentage of voltage change comparing with minimum 



























Under this scenario, no matter by how much the WTG power was increased, the voltage 
change did not reach 2%. The grid does not supply active power to the PoC when the WTG 
power reaches 0.9MW. The feeder power results are in the table 10:  
  No Wind 0.5MW 0.9MW 1.6MW 3MW 4MW 
Feeder Active Power MW 1.438 0.922 0.52 -0.16 -1.429 -2.249 
Feeder Reactive Power MVAr 0.309 0.448 0.586 0.888 1.728 2.549 
Feeder to POC Active Power 0.903 0.404 0.006 -0.686 -2.057 -3.024 
Feeder to POC Reactive Power -0.031 0.136 0.28 0.563 1.243 1.837 
Table 10 Kalbarri Model -0.95 Power Factor with Minimum Load Feeder Power 
Wind Power at 0.9MW -0.95PF Voltage Profile 
Under these conditions, the voltage profile leads to figure 6:  
 
Figure 6 Kalbarri Model under -0.95 Power Factor, Minimum Load and Wind Power at 0.9MW Voltage Profile 
 
4.3.3. Kalbarri Model at -0.9 Power Factor 
4.3.3.1. Maximum Loading Per-Unit Voltage Values for Each Buses 
Locking the tap position of each auto-transformer, and then simulate and record the per unit 































No Wind 1MW 1.6MW 2MW 3.1MW 4MW 
Bus 
Bars 
132 kV 1.000 1.000 1.000 1.000 1.000 1.000 
33kV(1) 1.039 1.038 1.038 1.038 1.037 1.036 
33kV(2) 0.968 0.972 0.973 0.973 0.969 0.960 
33kV(3) 1.017 1.021 1.022 1.021 1.016 1.006 
33kV(4) 0.971 0.979 0.980 0.980 0.973 0.958 
33kV(5) 1.008 1.015 1.016 1.015 1.007 0.991 
POC 0.976 0.985 0.987 0.987 0.977 0.958 
%* 0.000 0.922 1.127 1.127 0.102 -1.844 
Kalbarri 0.956 0.965 0.967 0.967 0.957 0.937 
Table 11 Kalbarri Model under -0.9 Power Factor and Maximum Load Saturation Buses Voltages 
*The percentage mark means the percentage of voltage change comparing with peak load 
no wind power.  
Under this scenario, no matter by how much the WTG power was increased, the voltage 
change did not reach 2%. The grid does not supply active power to the PoC when the WTG 
power reaches 3.1MW. The feeder power results are in the table 12: 
  No Wind 1MW 1.6MW 2MW 3.1MW 4MW 
Feeder Active Power MW 5.146 4.038 3.421 3.029 2.046 1.379 
Feeder Reactive Power MVAr 3.038 3.377 3.69 3.946 4.875 5.966 
Feeder to POC Active Power 3.042 2.046 1.454 1.062 -0.004 -0.858 
Feeder to POC Reactive Power 1.413 1.925 2.278 2.533 3.333 4.135 
Table 12 Kalbarri Model -0.9 Power Factor with Maximum Load Feeder Power 
Wind Power 3.1MW -0.9PF Voltage Profile 




Figure 7 Kalbarri Model under -0.9 Power Factor, Maximum Load and Wind Power at 3.1MW Voltage Profile 
4.3.3.2. Minimum Loading Per-Unit Voltage Values for Each Buses 
Locking the tap position of each auto-transformer, and then simulate and record the per unit 
bus voltage values lead to table 13:  
  
No Wind 0.5MW 0.9MW 1.6MW 2MW 3MW 
Bus 
Bars 
132 kV 1.000 1.000 1.000 1.000 1.000 1.000 
33kV(1) 1.010 1.010 1.009 1.009 1.009 1.008 
33kV(2) 0.997 0.998 0.999 0.999 0.998 0.994 
33kV(3) 1.014 1.015 1.015 1.015 1.014 1.009 
33kV(4) 1.006 1.008 1.009 1.009 1.008 1.001 
33kV(5) 1.012 1.014 1.015 1.015 1.013 1.006 
POC 1.007 1.010 1.011 1.011 1.01 1.002 
%* 0.000 0.298 0.397 0.397 0.298 -0.497 
Kalbarri 1.004 1.007 1.008 1.008 1.007 0.999 
Table 13 Kalbarri Model under -0.9 Power Factor and Minimum Load Bus Voltages 
*The percentage mark means the percentage of voltage change comparing with minimum 
load no wind power.  
Under this scenario, no matter by how much the WTG power was increased, the voltage 
change did not reach 2%. The grid does not supply active power to the PoC when the WTG 





























  No Wind 0.5MW 0.9MW 1.6MW 2MW 3MW 
Feeder Active Power MW 1.438 0.923 0.524 -0.148 -0.516 -41.374 
Feeder Reactive Power MVAr 0.309 0.8532 0.742 1.179 1.471 2.356 
Feeder to POC Active Power 0.903 0.404 0.007 -0.684 -1.077 -2.049 
Feeder to POC Reactive Power -0.031 0.217 0.431 0.838 -1.092 1.801 
Table 14 Kalbarri Model -0.9 Power Factor with Minimum Load Feeder Power 
Wind Power 0.9MW -0.9PF Voltage Profile 
Under these conditions, the voltage profile leads to figure 8:  
 
Figure 8 Kalbarri Model under -0.9 Power Factor, Minimum Load and Wind Power at 0.9MW Voltage Profile 
4.4. Discussion 
The voltage change dV at the end of a radial distribution feeder is given approximately by 
the following equation [20]:  
dV =  (PR + QX)/V 
Where P is real power injected;  
Q is reactive power injected;  
R is line resistance;  
X is line reactance;  


























In this study case, the power factors of the wind turbine generator have been selected at 
-0.9, -0.95 and unity PF. Comparing the unity power factor case with the -0.9 PF case, the 
active power flow is decreased in both cases but the reactive power flow is increased in the 
-0.9PF case. The equation above explains why the voltage change is smaller for the -0.9 PF 
case.  
Fixed power control is equivalent to power factor control. This is the most simple voltage 
control method and there is no active voltage control by the wind turbine generators. It is 
also low cost because it does not use a STATCOM for voltage management.  
One of the shortages of the fixed power factor control is that it can limit the operating 
power supply. Denmark Community Wind Farm has two ENERCON E-48 800kW wind 
turbines, which is the same type as at the Kalbarri Wind Farm. The operating power of the 
Denmark Community Wind Farm is limited to 1.44MW, although its rated power is 1.6MW 
[21]. Another shortage is that fixed power factor control may require reactive power 
compensation elsewhere on the grid. For example, the Denmark Community Wind Farm that 




5. Wind turbines with Fixed Power Factor and STATCOM 
5.1. Introduction  
The aim of this simulation work is to determine how much reactive power capacity the 
STATCOM requires. The STATCOM needs to be signed and controlled so that it doesn’t go 
into saturation under all normal operating scenarios. VR2 transformer is the closest voltage 
regulator to the STATCOM, so that it influences the STATCOM loading without influences 
from other upstream voltage regulators.  
5.2. Method  
The STATCOM is rated to ±40MVAr which is large enough, in order to define the range of 
STATCOM actual reactive power loading using fixed voltage setpoint limit. In this section the 
wind turbine generator is rated to 1.6MW, 0.906 PF absorbing. The VR2 tap position is 
manually changed to find all possible steady state solutions. The voltage setpoint of bus 
33KV (5) to which VR2 regulates is 1.01±1%. In the following results tables, the beginning 
and the last results are showing the boundary of the available solutions, rather than being 
within the range of the voltage. 
Isochronous voltage control is used by the STATCOM to control voltage to a fixed voltage 
setpoint. In isochronous voltage control mode, the voltage will return to the original voltage 
setpoint if the STATCOM has sufficient reactive power capacity. However in parallel 
operation this could cause instability as explained in [22]. Figure 9 is the graph of 
isochronous voltage control.  
 




5.3.1. Maximum Load with No Wind 
 feeder Taps 
VR2 taps 33KV(5) volt  POC volt STATCOM Q P Q Source TX VR1 
-7 1.021 1 1.211 5.076 1.762 -3 5 
-6 1.019 1 1.402 5.074 1.581 -3 5 
-5 1.018 1 1.599 5.074 1.401 -3 5 
-4 1.016 1 1.802 5.077 1.222 -3 5 
-3 1.008 1 3.058 5.149 0.229 -2 6 
-2 1.006 1 3.301 5.168 0.052 -2 6 
-1 1.004 1 3.551 5.191 -0.124 -2 6 
0 1.003 1 3.808 5.216 -0.300 -2 6 
1 1.001 1 4.072 5.243 -0.476 -2 6 
2 0.997 1 4.839 5.342 -0.945 -2 6 
Table 15 Kalbarri Wind Farm with STATCOM, Maximum Load No Wind Simulation Results 
At Kalbarri Wind Farm with the STATCOM under maximum load no wind condition, with the 
bus 33KV(4) voltage within the voltage range of the VR2 tap changer control, the reactive 
power loading of the STATCOM may be between 1.402MW to 4.072MW.  
5.3.2. Maximum Load with Full Wind 
 feeder Taps 
VR2 taps 33KV(5) volt  POC volt STATCOM Q P Q Source TX VR1 
-7 1.021 1 0.868 3.326 2.671 -3 5 
-6 1.02 1 1.043 3.315 2.487 -3 5 
-5 1.018 1 1.224 3.306 2.304 -3 5 
-4 1.01 1 2.329 3.298 1.286 -2 6 
-3 1.009 1 2.554 3.303 1.105 -2 6 
-2 1.007 1 2.764 3.31 0.924 -2 6 
-1 1.006 1 2.99 3.319 0.744 -2 6 
0 1.001 1 3.636 3.359 0.258 -1 6 
1 1 1 3.884 3.378 0.08 -1 6 
2 0.994 1 4.87 3.472 -0.579 -1 7 
Table 16 Kalbarri Wind Farm with STATCOM, Maximum Load Full Wind Simulation Results 
At Kalbarri Wind Farm with the STATCOM under maximum load full wind condition, with the 
bus 33KV(4) voltage within the voltage range of the VR2 tap changer control, the reactive 




5.3.3. Minimum Load with No Wind 
 feeder Taps 
VR2 taps 33KV(5) volt  POC volt STATCOM Q P Q Source TX VR1 
-7 1.024 1 -1.943 1.612 2.696 -3 5 
-6 1.017 1 -1.216 1.501 1.693 -2 6 
-5 1.015 1 -1.074 1.487 1.514 -2 6 
-4 1.014 1 -0.927 1.474 1.336 -2 6 
-3 1.012 1 -0.777 1.463 1.159 -2 6 
-2 1.008 1 -0.346 1.444 0.679 -1 6 
-1 1.003 1 0.297 1.44 0.029 -1 7 
0 1.001 1 0.482 1.444 -0.146 -1 7 
1 1 1 0.673 1.45 -0.321 -1 7 
2 0.995 1 1.196 1.476 -0.774 0 7 
Table 17 Kalbarri Wind Farm with STATCOM, Minimum Load No Wind Simulation Results 
At Kalbarri Wind Farm with the STATCOM under minimum load no wind condition, with the 
bus 33KV(4) voltage within the voltage range of the VR2 tap changer control, the reactive 
power loading of the STATCOM may be between -1.216MW to 0.673MW. 
5.3.4. Minimum Load with Full Wind 
 feeder Taps 
VR2 taps 33KV(5) volt POC volt STATCOM Q P Q Source TX VR1 
-6 1.022 1 -1.857 0.09 3.547 -3 5 
-5 1.014 1 -1.147 -0.045 2.529 -2 6 
-4 1.013 1 -1.008 -0.064 2.347 -2 6 
-3 1.011 1 -0.866 -0.082 2.166 -2 6 
-2 1.01 1 -0.72 -0.089 1.986 -2 6 
-1 1.006 1 -0.303 -0.132 1.499 -1 6 
0 1 1 0.317 -0.158 0.837 -1 7 
1 0.999 1 0.495 -0.161 0.659 -1 7 
Table 18 Kalbarri Wind Farm with STATCOM, Minimum Load Full Wind Simulation Results 
At Kalbarri Wind Farm with the STATCOM under minimum load full wind condition, with the 
bus 33KV (5) voltage within the voltage range of the VR2 tap changer control, the reactive 
power loading of the STATCOM may be between -1.147MW to 0.317MW.  
5.4. Discussion 
The results indicate that the range of the STATCOM loading is from -1.216MVAr to 
4.072MVAr. STATCOMs are generally symmetrical in their reactive power capability, e.g. ±Χ 
MVAr, so that a STATCOM which suits this operating scenario might be rated at ±3MVAr plus 
a 1.5MVAr capacitor bank. This kind of voltage control requires a relatively large and 
expensive STATCOM, which is not an economically viable option.  
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6. Wind Turbines with Upstream Regulator VR2 Control a 
±1MVAr STATCOM within a ±0.8MVAr Range 
6.1. Introduction 
Following from the last section, a large STATCOM with a fixed voltage setpoint and 
isochronous voltage control makes a project uneconomic. In order to solve this problem, the 
STATCOM must be limited to a ±1MVAr rating. In addition, VR2 is used to control the 
STATCOM within a range of ±0.8MVAr by changing taps.  
6.2. Method 
VR2 reacts more sensitively than the other two transformers whenever a voltage changes 
are causes by the wind turbine generators. The voltage impact from the wind farm is greater 
at VR2 than at VR1.  
6.2.1. VR2 Transformer Setting 
In order to manage the steady state reactive power loading of the STATCOM, the VR2 
transformer is programmed to change taps to keep the STATCOM within ±0.8MVAr range. In 
the PowerFactory simulation, the source transformer and VR1 do automatically tap change 
to control voltage but VR2 changes taps tomanage reactive power loading of the STATCOM.    
6.2.2. Droop Voltage Control 
In addition, the VR2 automatically controlling the STATCOM reactive power, the STATCOM is 
programmed to use the droop voltage control method. The voltage droop means when 
voltage falls from V0 to V, the reactive power output of the generating unit increases from Q0 
to Q. The increase in reactive power output will counteract the reduction in voltage and the 
STATCOM will settle to reactive power outputs and voltage at a steady-state point on the 
droop characteristic. The droop characteristic also allows multiple units to share load 
without the units fighting each other to control the voltage [23]. Droop settings are normally 
presented in % droop, for example, a 1% droop means that a 1% error in the controlled 
voltage causes the STATCOM to go to its reactive power limits. Figure 10 is the graph of 




Figure 10 Droop Voltage Control [23] 
6.3. Results 
At first, all transformers are set at their neutral position and then the simulation is run with 
automatic tap changing. The yellow groups of results are marked as examples, to present 
voltage profiles at Appendix 12.8 to Appendix 12.11. In automatically changing, VR2 is able 
to manage the STATCOM within a ±0.8MVAr range. In this section, VR2 tap positions are 
locked and adjusted the one by one, recording every possible result within the ±0.8MVAr 
range.  
6.3.1. Maximum Load No Wind 
Table 19 simulation results of the Kalbarri Wind Farm with the upstream regulator VR2 
control the STATCOM reactive power loading under maximum load, no wind power 
conditions. The voltage profile for the yellow row is presented in Appendix 12.8 where VR2 
tap is at position -7.  
    
feeder Taps 




Q P Q Source TX VR1 
-6 1.016 0.992 0.836 5.082 2.106 -4 5 
-7 1.018 0.993 0.692 5.088 2.251 -4 5 
-8 1.021 0.995 0.551 5.095 2.397 -4 5 
-9 1.023 0.996 0.412 5.104 2.543 -4 5 
-10 1.025 0.997 0.276 5.114 2.691 -4 5 
-11 1.028 0.999 0.142 5.126 2.84 -4 5 
-12 1.037 1.004 -0.356 5.179 3.416 -4 4 
-13 1.044 1.008 -0.726 5.229 3.872 -5 4 
-14 1.046 1.009 -0.841 5.251 4.028 -5 4 
Table 19 Kalbarri Wind Farm with VR2 Control STATCOM, Maximum Load No Wind Simulation Results 
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6.3.2. Maximum Load with Full Wind 
Table 20 simulation results of the Kalbarri Wind Farm with the upstream regulator VR2 
control the STATCOM reactive power loading under maximum load, full wind power 
conditions. The voltage profile for the yellow row is presented in Appendix 12.9 where VR2 
tap is at position -7. 
    
feeder Taps 
VR2 taps 33KV(5) volt  POC volt STATCOM Q P Q Source TX VR1 
-6 1.013 0.992 0.849 3.331 2.689 -3 5 
-7 1.016 0.993 0.707 3.341 2.836 -3 5 
-8 1.018 0.994 0.573 3.352 2.984 -3 5 
-9 1.025 0.998 0.182 3.389 3.416 -4 5 
-10 1.027 0.999 0.053 3.406 3.568 -4 5 
-11 1.03 1.001 -0.074 3.424 3.721 -4 5 
-12 1.038 1.006 -0.542 3.501 4.313 -4 4 
-13 1.045 1.009 -0.89 3.57 4.718 -5 4 
Table 20 Kalbarri Wind Farm with VR2 Control STATCOM, Maximum Load Full Wind Simulation Results 
6.3.3. Minimum Load with No Wind 
Table 21 simulation results of the Kalbarri Wind Farm with the upstream regulator VR2 
control the STATCOM reactive power loading under minimum load, no wind power 
conditions. The voltage profile for the yellow row is presented in Appendix 12.10 where VR2 
tap is at position 0. 
    
feeder Taps 
VR2 




Q P Q Source TX VR1 
3 0.991 0.992 0.821 1.456 -0.446 -1 7 
2 0.993 0.993 0.671 1.45 -0.313 -1 7 
1 0.996 0.995 0.523 1.445 -0.179 -1 7 
0 0.998 0.996 0.377 1.442 -0.045 -1 7 
-1 1.001 0.998 0.223 1.444 0.091 -1 7 
-2 1.01 1.003 -0.277 1.442 0.6 -1 6 
-3 1.017 1.007 -0.63 1.454 0.979 -2 6 
-4 1.02 1.008 -0.757 1.461 1.121 -2 6 
-5 1.022 1.009 -0.881 1.47 1.264 -2 6 
Table 21 Kalbarri Wind Farm with VR2 Control STATCOM, Minimum Load No Wind Simulation Results 
6.3.3. Minimum Load with Full Wind 
Table 19 simulation results of the Kalbarri Wind Farm with the upstream regulator VR2 
control the STATCOM reactive power loading under minimum load, full wind power 
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conditions. The voltage profile for the yellow row is presented in Appendix 12.11 where VR2 
tap is at position 1. 
    
feeder Taps 
VR2 taps 33KV(5) volt  POC volt STATCOM Q P Q Source TX VR1 
4 0.988 0.992 0.821 -0.161 0.358 -1 7 
3 0.991 0.993 0.675 -0.162 0.493 -1 7 
2 0.994 0.995 0.532 -0.161 0.63 -1 7 
1 0.996 0.996 0.391 -0.16 0.768 -1 7 
0 0.999 0.998 0.252 -0.157 0.907 -1 7 
-1 1.008 1.002 -0.245 -0.136 1.428 -1 6 
-2 1.01 1.004 -0.373 -0.128 1.57 -1 6 
-3 1.017 1.007 -0.711 -0.101 1.959 -2 6 
-4 1.019 1.009 -0.832 -0.088 2.104 -2 6 
Table 22 Kalbarri Wind Farm with VR2 Control STATCOM, Minimum Load Full Wind Simulation Results 
6.4. Discussion 
The use of VR2 to manage the STATCOM’s reactive power loading allows the use of a much 
smaller STATCOM capacity. This requires much smaller STATCOM capacity with VR2 
controlling its loading, which is more economic. At the same time, VR2 may also provide 
backup voltage control via normal tap changing control. The use of the VR2 tap changing 
keeps STATCOM reactive power loading in the range of ±0.8MVAr, and also keep its output 





7. Wind Turbines with VR2 Controlling PoC voltage by Using the 
LDC to Keep STATCOM within a ±0.8MVAr Range 
7.1. Introduction 
Using the upstream regulator VR2 to indirectly control the PoC voltage through the use of 
LDC to keep the STATCOM loading within its ±0.8MVAr range appears to be a practical 
solution. This proposal was suggested for investigation by Professor Carter in October 2014 
as a possible method of avoiding the need for communications.   
7.2. Method 
VR2 is programed to change taps to control its output voltage with LDC to indirectly control 
the downstream PoC of the wind turbines. In this case, LDC is used to take the place of the 
communication between the upstream regulator VR2 and the STATCOM.  
Figure 11 is the auto-transformer VR2 setting in PowerFactory.  
 
Figure 11 Auto-Transformer VR2 Power Factory Setting 
7.3. Results 
Even though the transformers are set to automatically tap changing, the original tap position 
of VR2 is also manually changed to every feasible tap position from maximum to minimum in 




Figure 12 Auto-Transformer VR2 Power Factory tap positions 
7.3.1. Maximum Load with No Wind 
Table 23 is the Kalbarri Wind Farm simulation results under maximum load no wind 
conditions, and VR2 with LDC:  
    
feeder Taps 
VR2 taps 33KV(5) volt  POC volt STATCOM Q P Q Source TX VR1 
-6 1.016 0.992 0.833 5.081 2.107 -4 5 
-7 1.018 0.993 0.69 5.087 2.251 -4 5 
-8 1.021 0.995 0.55 5.095 2.397 -4 5 
Table 23 Kalbarri Wind Farm VR2 with LDC, Maximum Load No Wind Simulation Results 
7.3.2. Maximum Load with Full Wind 
Table 24 is the Kalbarri Wind Farm simulation results under maximum load full wind 
conditions, and VR2 with LDC: 
    
feeder Taps 
VR2 taps 33KV(5) volt  POC volt STATCOM Q P Q Source TX VR1 
-5 1.015 0.993 0.717 3.336 2.82 -4 5 
-6 1.018 0.994 0.58 3.347 2.968 -4 5 
-7 1.02 0.996 0.445 3.36 3.117 -4 5 





7.3.3. Minimum load with no wind 
Table 25 is the Kalbarri Wind Farm simulation results under minimum load no wind 
conditions, and VR2 with LDC: 
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feeder Taps 
VR2 taps 33KV(5) volt  POC volt STATCOM Q P Q Source TX VR1 
2 0.993 0.994 0.669 1.45 -0.313 -1 7 
1 0.996 0.995 0.521 1.445 -0.179 -1 7 
0 0.998 0.996 0.376 1.442 -0.045 -1 7 
-1 1.001 0.998 0.233 1.444 0.091 -1 7 
-2 1.01 1.003 -0.278 1.442 0.6 -1 6 
0 1.003 0.999 0.138 1.439 0.182 -2 7 
-2 1.008 1.001 -0.14 1.44 0.458 -2 7 
Table 25 Kalbarri Wind Farm VR2 with LDC, Minimum Load No Wind Simulation Results 
Last two rows show that, when forcing the original tap position setting of VR2 until -16 taps, 
the system tap results will jump to these.  
7.3.4. Minimum load with full wind 
Table 26 is the Kalbarri Wind Farm simulation results under minimum load full wind 
conditions, and VR2 with LDC: 
    
feeder Taps 
VR2 taps 33KV(5) volt  POC volt STATCOM Q P Q Source TX VR1 
3 0.991 0.993 0.673 -0.162 0.494 -1 7 
2 0.994 0.995 0.531 -0.161 0.63 -1 7 
1 0.996 0.996 0.39 -0.16 0.768 -1 7 
0 0.999 0.998 0.251 -0.157 0.907 -1 7 
-1 1.008 1.002 -0.245 -0.136 1.428 -1 6 
-2 1.01 1.004 -0.374 -0.128 1.57 -1 6 
-1 1.005 1.001 -0.11 -0.144 1.282 -2 7 
-2 1.01 1.003 -0.336 -0.131 1.527 0 6 
Table 26 Kalbarri Wind Farm VR2 with LDC, Minimum Load Full Wind Simulation Results 
Last two rows show that, when forcing the original tap position setting of VR2 until -16 taps, 
the system tap results will jump to these.  
7.4. Discussion 
The LDC is equipped on the voltage regulator VR2 in order to indirectly control the voltage at 
the point of connection. This setting is able to keep the STATCOM loading within a designed 
range. It can achieve the same results as the option requiring communications between the 
VR2 and the STATCOM. The VR2 voltage regulator is controlling the voltage within a ±0.8% 
voltage deadband, which maintains the reactive loading of a ±1MVAr STATCOM with a 1% 




8. ‘WindFREE’ Turbine Option 
8.1. Introduction 
A wind turbine generator equipped with ‘WindFREE’ Reactive Power control feature is one 
of the new technologies of GE Energy [24], Enercon and other wind turbine manufacturers. 
This reactive power feature provides smooth fast voltage regulation by delivering controlled 
reactive power through all operating conditions [24]. The ‘WindFREE’ Reactive Power control 
feature offsets the deficiency that conventional wind generators cannot provide continuous 
voltage support and regulation. It also reduces the impacts of wind turbines disconnecting 
from the grid due to variable wind conditions. 
8.2. Method 
GE’s wind turbine generators which provide the new ‘WindFREE’ Reactive Power control 
feature can provide reactive power even under no wind conditions, when the wind turbines 
are not generating active power [24]. 
When using the PowerFactory software, the ‘WindFREE’ Reactive Power control feature is 
modelled as unity power factor wind turbines combined with a STATCOM. When the wind 
turbines are not providing active power under no wind conditions, the STATCOM is still able 
to supply reactive power.   
 
Figure 13 Equivalent ‘WindFREE’ Turbine Generator Single Line Diagram 
Figure 13 shows part of the single line diagram which shows the equivalent ‘WindFREE’ 
turbine generator. There is another clearer version at Appendix 12.12. 
Because the wind turbines at the Kalbarri Wind Farm are rated at 1.6MW ±0.906 PF [9], the 
equivalent STATCOM has been rated at ±780kVAr, the reactive power range of the wind 




These tables present the PoC voltages and the feeder powers with the voltage regulator VR2 
doing manually tap changing. VR2 set at tap positions which result in the STATCOM 
operating within its capacity.  
8.3.1. Maximum Load with No Wind  
Table 27 is the Kalbarri Wind Farm with ‘WindFREE’ turbine option simulation results under 
maximum load no wind conditions: 
    
feeder Taps 
VR2 taps 33KV(5) volt  PoC volt STATCOM Q P Q Source TX VR1 
-6 1.014 0.99 0.78 5.089 2.155 -4 5 
-7 1.017 0.992 0.649 5.087 2.291 -4 5 
-8 1.02 0.993 0.518 5.096 2.428 -4 5 
-9 1.022 0.95 0.389 5.015 2.567 -4 5 
-10 1.032 1.001 -0.101 5.146 3.109 -4 4 
-11 1.035 1.003 -0.223 5.16 3.252 -4 4 
-12 1.038 1.004 -0.343 5.176 3.396 -4 4 
-13 1.045 1.009 -0.707 5.219 1.049 -5 4 
-14 1.05 1.013 -0.78 5.23 3.918 -5 4 
Table 27 ‘WindFREE’ Turbine Option Maximum Load No Wind Simulation Result 
8.3.2. Maximum Load with Full Wind  
Table 28 is the Kalbarri Wind Farm with ‘WindFREE’ turbine option simulation results under 
maximum load full wind conditions: 
    
feeder Taps 
VR2 taps 33KV(5) volt  PoC volt STATCOM Q P Q Source TX VR1 
-3 0.998 0.983 0.78 3.273 1.905 -3 6 
-4 1.013 0.995 0.441 3.287 2.241 -3 5 
-5 1.016 0.997 0.313 3.296 2.378 -3 5 
-6 1.018 0.999 0.187 3.305 2.515 -3 5 
-7 1.021 1.000 0.062 3.316 2.654 -3 5 
-8 1.024 1.002 -0.061 3.327 2.794 -3 5 
-9 1.026 1.003 -0.184 3.340 2.935 -3 5 
-10 1.034 1.008 -0.535 3.378 3.346 -4 5 
-11 1.036 1.010 -0.654 3.394 3.492 -4 5 
-12 1.039 1.011 -0.771 3.412 3.639 -4 5 
-13 1.046 1.019 -0.780 3.410 3.635 -4 5 
Table 28 ‘WindFREE’ Turbine Option Maximum Load Full Wind Simulation Result 
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8.3.3. Minimum Load with No Wind  
Table 29 is the Kalbarri Wind Farm with ‘WindFREE’ turbine option simulation results under 
minimum load no wind conditions: 
    
feeder Taps 
VR2 taps 33KV(5) volt  PoC volt STATCOM Q P Q Source TX VR1 
4 0.984 0.985 0.78 1.451 -0.41 -1 7 
3 0.989 0.99 0.76 1.45 -0.398 -1 7 
2 0.992 0.992 0.623 1.446 -0.275 -1 7 
1 0.995 0.994 0.487 1.443 -0.149 -1 7 
0 0.998 0.996 0.353 1.441 -0.023 -1 7 
-1 1.008 1.002 -0.136 1.44 0.453 -1 6 
-2 1.011 1.003 -0.264 1.441 0.584 -1 6 
-3 1.014 1.005 -0.391 1.444 0.719 -1 6 
-4 1.021 1.01 -0.73 1.456 1.076 -2 6 
-5 1.026 1.014 -0.78 1.458 1.125 -2 6 
Table 29 ‘WindFREE’ Turbine Option Minimum Load No Wind Simulation Result 
8.3.4. Minimum Load with Full Wind  
Table 30 is the Kalbarri Wind Farm with ‘WindFREE’ turbine option simulation results under 
minimum load full wind conditions: 
    
feeder Taps 
VR2 taps 33KV(5) volt  PoC volt STATCOM Q P Q Source TX VR1 
7 0.980 0.990 0.780 -0.16 -0.373 0 7 
6 0.983 0.933 0.669 -0.163 -0.273 0 7 
5 0.986 0.994 0.535 -0.166 -0.150 0 7 
4 0.989 0.996 0.403 -0.169 -0.026 0 7 
3 0.992 0.998 0.272 -0.170 0.100 0 7 
2 0.994 0.999 0.142 -0.170 0.226 0 7 
1 1.002 1.004 -0.193 -0.168 0.561 -1 7 
0 1.004 1.005 -0.320 -0.165 0.691 -1 7 
-1 1.007 1.007 -0.446 -0.162 0.824 -1 7 
-2 1.021 1.018 -0.780 -0.149 1.174 -1 6 
Table 30 ‘WindFREE’ Turbine Option Minimum Load Full Wind Simulation Result 
8.4. Discussion 
In this case, the voltage regulator VR2 could maintain the STATCOM loading within 80% of its 
rating by methods previously described. The ‘WindFREE’ Reactive Power control feature 
provides the reactive power to the grid even if there is no active power provided by wind 
turbine generators.  
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9. Voltage Control Algorithm with STATCOM Variable Voltage 
Setpoint 
This voltage control algorithm is dynamic and the STATCOM voltage setpoint is floating. The 
STATCOM Variable Voltage Setpoint control is the actual control algorithm used at the 
Kalbarri Wind Farm and it is designed according to the local load flow. The Kalbarri Wind 
Farm voltage control algorithm was designed by Verve Energy [9].  
9.1. Calculation of the STATCOM’s Ideal Reactive Power 
If Actual Single Phase Power to Kalbarri is less than 100kW then:  
The STATCOM’s Ideal Reactive Power = – 21 – Actual Wind Farm Power Output *0.2*0.45 
Otherwise:  
The STATCOM’s Ideal Reactive Power = (Actual Single Phase Power to Kalbarri –600)*1 – 
Actual Wind Farm Power Output *0.2*((Actual Single Phase Power to Kalbarri /1067) – 0.1) 
Also The STATCOM’s Ideal Reactive Power is within the range:  
−427kVAr < 𝐓𝐡𝐞 𝐒𝐓𝐀𝐓𝐂𝐎𝐌’𝐬 𝐈𝐝𝐞𝐚𝐥 𝐑𝐞𝐚𝐜𝐭𝐢𝐯𝐞 𝐏𝐨𝐰𝐞𝐫 < +667kVAr 
9.2. Calculation of the Voltage Setpoint [9] 
When the STATCOM is disabled, an integrator makes STATCOM Voltage Set Point equals to 
The Greater of Average Actual Wind Farm Power Output Voltage and Average Actual Wind 
Farm + STATCOM Power Output voltage.  
9.3. Calculation Based on Voltage Control Algorithm   
9.3.1. The Influence on Tap Positions of Transformers from No wind to Full Wind 
1. For a given max single phase load located at Kalbarri:   




By using the formula to calculate the Q ideal:   
𝑄𝑖𝑑𝑒𝑎𝑙 = 900 − 600 = 300𝑘𝑉𝐴𝑟 
2. Adjust the STATCOM voltage setpoint to get Qideal, and allow tap changing:  
When the STATCOM reactive power reaches to Qideal in simulation, the STATCOM 
voltage setpoint is 0.99475 pu. At the same time, VPoC is 0.99 pu.  
3. Change the wind farm power from no wind power to maximum wind power and 




The transformers tap positions is in the following table.  
Tap position is locked. The VPoC changes to 0.993 pu. And the QSTATCOM changes to 
96kVAr.  
4. Adjust the STATCOM voltage setpoint to get to the new Q ideal, and then allow tap 
changing:  
Calculation of the new Q ideal: 




When STATCOM reactive power changes to 62kVAr in simulation, the voltage 
setpoint is 0.9925 pu.  
The tap changing results have not changed in response to full ramp up of wind farm.  
5. The wind power changes variously and rapidly in reality, but transformers tap 
positions are not influenced much by wind power variations under this voltage 
control algorithm.   
9.3.2. The Influence on Tap Positions of Transformers from Kalbarri Load 
Maximum to Minimum (30%) 
1. For a given max single phase load located at Kalbarri:   




By using the formula to calculate the Q ideal:  
𝑄𝑖𝑑𝑒𝑎𝑙 = 900 − 600 = 300𝑘𝑉𝐴𝑟 
2. Adjust the STATCOM voltage setpoint to get Qideal, and allow tap changing:  
When the STATCOM reactive power reaches to Qideal in simulation, the STATCOM 
voltage setpoint is 0.99475 pu. At the same time, VPoC is 0.99 pu.  
3. Change the load located Kalbarri from maximum to minimum and look at voltage 
changes at PoC:  
Tap changing is allowed and the tap positions before the load reduction are:  
 
The VPoC changes to 1.0134 pu. And the QSTATCOM changes to -527kVAr. (The Kalbarri 
STATCOM capacity is ±647kVAr STATCOM with +120kVAr capacitor, so that the 
range is +767kVAr to -512kVAr) 
 Source Transformer VR1 VR2 
Tap Results -4 4 -6 
 Source Transformer VR1 VR2 
Tap Results -4 4 -6 
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4. Adjust the STATCOM voltage setpoint to get new Q ideal, and then keeping allowing tap 
changing:  
Calculation of the new Q ideal: 
𝑄𝑖𝑑𝑒𝑎𝑙 = 270 − 600 = −330𝑘𝑉𝑎𝑟 
When the STATCOM’s reactive power is adjusted to -330kVAr in simulation by 
changing the voltage setpoint to 1.007 pu, the tap positions change to:  
5. It is expected that transformer tap positions will changie for the changing load, but will 
not change very much to chase the wind farm power variations.  
9.3.3. Determine the Extra Feeder Capacity from the Use of the STATCOM (No 
Wind) 
The Kalbarri load is scaled up until feeder voltages cannot be maintained within the range 
0.94 pu to 1.06 pu, without the STATCOM and again with the STATCOM in services.  
Maximum 
1. Increase the feeder load until the voltages along the feeder approached 0.94 pu or 1.06 
pu limits. The Kalbarri load is increased by 1.64 times the original loading, and reach an 
active power is 4.428MW and reactive power of 2.788MVAr. 
2. Add in the STATCOM under no wind conditions:  
A STATCOM is added in the feeder, and the STATCOM’s reactive power is adjusted to 
+667kVAr.  
3. Keep increasing the feeder load until the voltages along the feeder approached 0.94 pu 
or 1.06 pu limits. Kalbarri load is increased to 1.78 times of the original loading, and 
reach an active power is 4.806MVAr and reactive power is 3.026MVAr. The percentage 
in feeder capacity is:  (1.78-1.64)/1.64=8.5% 
 
  
 Source Transformer VR1 VR2 
Tap Results -3 5 -2 
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10. Conclusion and Further Work 
10.1. Conclusion  
The purpose of this thesis report is evaluating the voltage control methods for maximizing 
end-of-grid wind farm capacity. This thesis is completed by using the Kalbarri Wind Farm as a 
base simulation model.  
This thesis report investigates six voltage control methods. The first voltage control 
algorithm is a wind turbine with fixed power factor and the voltage change at the point of 
connection is required to be within 2% by Western Power Technical Rules.  
The second voltage control algorithm is a wind turbine with fixed power factor, combined 
with a high rating STATCOM which usesthe isochronous voltage control method. In the 
isochronous voltage control method, the voltage will return to the exact voltage setpoint if 
the STATCOM has sufficient reactive power capacity. The STATCOM size required for this 
voltage control algorithm is so large that it makes the system uneconomic.  
In order to improve it, the third voltage control algorithm uses a ±1MVAr rating STATCOM. 
At the same time, an upstream voltage regulator maintains the STATCOM loading within a 
±0.8MVAr range. The upstream regulator does the remote adjustment of STATCOM loading 
by changing taps requiring communications between the upstream voltage regulator and 
the STATCOM. 
The fourth voltage control algorithm is built on the third algorithm where the STATCOM uses 
the droop voltage control method. It uses the upstream voltage regulator to directly control 
the PoC voltage by using the Line Drop Compensation (LDC) which maintains the STATCOM 
loading within a ±0.8MVAr range. In the fourth voltage control algorithm, the LDC is used to 
take the place of the communications in the third algorithm.  
The ‘WindFREE’ wind turbine option is also included in this report, which means the wind 
turbine equipped with the ‘WindFREE’ reactive power control feature is able to provide 
reactive power under a no wind conditions. Even when the wind turbines are not providing 
active power, they can still supply reactive power like a compensator.  
The last one is a dynamic voltage control algorithm with the STATCOM using a variable 
voltage setpoint. It is actually used in Kalbarri and designed according to the local load flow 
by Verve Energy. 
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10.2. Further Work 
Future work could investigate an innovative method of reducing voltage fluctuations, which 
increases the maximum capacity supply of the feeder and reduces the magnitude of feeder 
temporary under and over voltage excursions, whilst not conflicting with or inhibiting the 
normal operation of the upstream voltage regulators [9]. 
It also could investigate the impacts and the calculations of voltage flicker which is 
generated by an inverter-connected wind turbine generator at end-of-grid locations. At the 
same time, the impacts and the calculations of harmonic emissions which are generated by 
inverter-connected wind turbine generators at end-of-grid locations could also be included 
in any further work. 
Consideration of other types of wind turbine generators, like asynchronous generators and 





11.  Bibliography 
[1]  Verve Energy, “kalbarri end-of-grid wind farm,” 2006. [Online]. Available: 
http://services.verveenergy.com.au/mainContent/sustainableEnergy/OurPortfolio/K
albarri_End-of-Grid_Wind_Farm.html. 
[2]  ABB Power, Static Synchronous Compensator: an additional tool for improved 
utilisation of power systems, A02-0165E ed., Västerås: ABB Power.  
[3]  Western Power, “Technical Rules,” Western Power, Perth, 2011. 
[4]  DlgSilent Pacific, “DlgSilent Pacific,” DlgSilent Pacific, 2014. [Online]. Available: 
http://www.digsilent.com.au/. 
[5]  Enercon, “E-48/800 kW,” 2014. [Online]. Available: 
http://www.enercon.de/en-en/492.htm. 
[6]  Synergy, “Kalbarri Wind Farm,” 2014. [Online]. Available: 
http://generation.synergy.net.au/generating-electricity/sustainable-portfolio/kalbar
ri-wind-farm. 
[7]  “ABC news,” July 2008. [Online]. Available: 
http://www.abc.net.au/news/2008-07-28/kalbarri-wind-farm-opens/454674. 
[8]  Lab-Volt Ltd, Static Synchronous Compensator (STATCOM), 86371-F0 ed., Lab-Volt 
Ltd, 2012.  
[9]  Verve Energy, “Description of the Operation of the Kalbarri Voltage Control System 
using a 415V IGBT type Statcom,” Verve Energy. 
[10]  R. P. M. I. S. T. C. Naveen Goel, “Genetically Tuned STATCOM for Voltage Control,” 
International Journal of Computer Theory and Engineering, 2010.  
[11]  S. Taylor, “ENG460 Engineering Thesis: Voltage impact studies investigating reactive 
power control modes of inverter-coupled wind generation connected to a weak 
rural feeder,” Murdoch University, WA, 2013. 




[13]  C. Carter, Kalbarri Wind Farm Rules Presentation, Perth: Murdoch University, 2014.  
[14]  MathWorks, “Wind Turbine Induction Generator (Phasor Type),” [Online]. Available: 
http://www.mathworks.com.au/help/physmod/sps/powersys/ref/windturbineinduc
tiongeneratorphasortype.html.  
[15]  M. D. &. R. W. D. D. S. MÜLLER, “Double fed induction generator systems for wind 
turbines,” IEEE INDUSTRY APPLICATIONS MAGAZINE, 2002.  
[16]  G. J. Gerdes, “WIND TURBINE TECHNOLOGY,” 11/2005. Nadi, Republic of the Fiji 
Islands 
[17]  Beckwith Electric Co, “Line Drop Compensation For Substation Application”. 
http://www.beckwithelectric.com/docs/app-tips/Tip2.pdf 
[18]  Cooper Power System, “How step-voltage regulators operate,” 1993. 
http://www.cooperindustries.com/content/dam/public/powersystems/resources/li
brary/225_VoltageRegulators/77006.pdf 
[19]  S. Paul, “Impact of Voltage Reduction on Load, Line Loss and generation”. 
[20]  Western Power, “User Guide for the connection of generators of up to 10 MW to 
the Western Power SWIN distribution system,” Perth, 2008. 
[21]  A. Woodroffe, Interviewee, Skyfarming Pty Ltd. [telephone]. 13/11/2014. 
[22]  H. S. MSc, “Isochronous Vs Droop Control For Generators,” 4 7 2014. [Online]. 
Available: http://www.svri.nl/en/isochronous-vs-droop-control-for-generators/. 
[Accessed 11/2014]. 
[23]  “Droop Control,” 20 6 2013. [Online]. Available: 
http://www.openelectrical.org/wiki/index.php?title=Droop_Control. [Accessed 11 
2014]. 







12.  Appendices  




12.2. Kalbarri Model under Unity Power Factor and Maximum Load 
Conditions, the Wind Farm Power Rating is 0.55MW, Simulation 






12.3. Kalbarri Model under Unity Power Factor and Minimum Load 
Conditions, the Wind Farm Power Rating is 0.85MW, Simulation 






12.4. Kalbarri Model under -0.95 Power Factor and Maximum Load 
Conditions, the Wind Farm Power Rating is 1.15MW, Simulation 






12.5. Kalbarri Model under -0.95 Power Factor and Minimum Load 
Conditions, the Wind Farm Power Rating is 0.9MW, Simulation 






12.6. Kalbarri Model under -0.9 Power Factor and Maximum Load 
Conditions, the Wind Farm Power Rating is 3.1MW, Simulation 






12.7. Kalbarri Model under -0.9 Power Factor and Minimum Load 
Conditions, the Wind Farm Power Rating is 0.9MW, Simulation 





12.8. Kalbarri Model with Upstream Regulator Control a STATCOM 
to a ±0.8MVAr Range, Maximum Load, No Wind, VR2 Tap 





12.9. Kalbarri Model with Upstream Regulator Control a STATCOM 
to a ±0.8MVAr Range, Maximum Load, Full Wind, VR2 Tap 





12.10. Kalbarri Model with Upstream Regulator Control a STATCOM 
to a ±0.8MVAr Range, Minimum Load, No Wind, VR2 Tap Position 





12.11. Kalbarri Model with Upstream Regulator Control a STATCOM 
to a ±0.8MVAr Range, Minimum Load, Full Wind, VR2 Tap 





12.12. ‘WindFREE’ Turbine Option Single Line Diagram 
 
